Introduction
Hydrofluorocarbons (HFCs) are widely employed as substitutes for chlorofluorocarbons, which lead to chlorine-catalyzed stratospheric ozone depletion, for applications including refrigeration and cleaning. HFCs such as CF 3 CHFCF 3 are proposed as substitutes for the fluorocarbons CF 4 and C 2 F 6 , presently employed as fluorine atom sources in silicon wafer plasma etching and chamber cleaning processes but which have high global warming potentials (GWPs). 1 CF 3 CHFCF 3 is also recommended as a fire extinguishing agent to replace CF 3 Br and other halons in certain applications, 2 because these brominecontaining agents also lead to ozone depletion. Thermodynamic and kinetic data for HFCs are needed to understand their behavior in combustion and plasma environments, as well as their subsequent fate in the atmosphere.
An ongoing emphasis of our group is investigation of the thermochemistry and kinetics of HFCs and other halocarbons via computational methods. [3] [4] [5] [6] [7] A fundamental property that controls the chemistry of HFCs is the C-H bond dissociation enthalpy (BDE). C-H bonds are more labile than the C-C or C-F bonds and therefore dominate the chemistry of HFC flame suppressants and plasma etchants, and it is primarily OH attack at C-H bonds that reduces the atmospheric lifetime, and thus the GWP, relative to totally fluorinated molecules. 8 While there have been numerous experimental studies of the enthalpies of formation (from which BDEs are simply derived) of fluoromethanes and ethanes, and their associated radicals, 9, 10 there is a paucity of equivalent thermodynamic data for fluoropropanes and butanes of practical interest.
The aim of the present work is to address this deficiency via ab initio calculations. There have been previous applications of ab initio methods, to C 1 and C 2 HFC species, where BAC-MP4 10 and MP2/6-311G(d,p) 11-15 data were obtained. In the present work, MP2/6-311+G(3df,2p) data for C 1 to C 4 HFCs were analyzed to obtain the C-H BDEs and to investigate the influence of various structural factors on bond stability. Primary, secondary, and tertiary C-H bonds were investigated, as well as the effects of F and CF 3 substitution in alkanes.
Calculations
The ab initio calculations were carried out using the GAUSS-IAN-94 16 suite of programs on an SGI R10000 Irix-2 workstation and a Cray C-90 supercomputer. Gaussian-2 (G2) 17 calculations were performed on CH 4 and the four fluoromethanes. The ground-state energies were used to determine C-H BDEs at 298.15 K for the latter series using the appropriate isodesmic reactions (Vide infra). Several component energies were also used to calculate alternative values for the BDEs in order to assess the effect of basis set and electron correlation on the quality of computed results. The calculated and experimental dissociation enthalpies are shown in Table 1 ; experimental values were determined from enthalpies of formation of the molecules and radicals in the compilations of Gurvich et al. 9 and Zachariah et al. 10 Energy and frequency calculations were performed on a series of polyfluorinated ethanes, propanes, and isobutanes and related radicals, whose structural formulas are contained in Table 2 (ethanes, nos. 2-6; propanes, nos. 7-12; isobutanes, nos. 13-16). The zero-point energies (ZPE) were determined by HF/ 6-31G(d) geometry optimizations and subsequent frequency calculations. Frequencies were scaled by the standard factor of 0.8929. 18 Geometries were then reoptimized at the MP2)full/ 6-31G(d) level, and single-point energies were calculated with the MP2)fc/6-311+G(3df,2p) basis. Values of E 0 in Table 2 are the energies including the scaled ZPE.
Results and Discussion
It is possible to use ab initio energies to calculate BDEs directly from the homolytic dissociation equation:
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However, this generally leads to unacceptably large systematic errors using even the largest basis sets (or compound methods such as G2) that are feasible for chemically interesting species. Fortunately, these systematic errors in calculated BDEs (or other energy differences between species) may be largely eliminated via the application of "isodesmic" reactions, 19, 20 in which the number of each bond type is conserved. For such processes the desired energy difference may be referenced to one whose value has been measured accurately. To obtain C-H BDEs in the fluoroalkanes, one may use the following exchange reaction:
The change in ab initio absolute energy (including ZPE) is equal to the enthalpy change at 0 K; ∆E 0 ) ∆H°(0 K). The dissociation enthalpy D 0 (at 0 K) is then obtained from the expression where the experimental D 0 (CH 3 -H) is accurately known. 21 To determine BDEs at 298.15 K, we adopted the recommendation contained in ref 20 , and use the relation In this treatment only differences in thermal energies arising from the translational and rotational modes are considered, the minuscule contribution from the lost C-H vibration is ignored, and the contributions of other vibrations and internal rotations are assumed to be the same in the stable molecule and the radical.
This treatment was tested for D 298 (CF 3 CF 2 -H). HF/6-31G(d) data for CF 3 CF 2 H yield the torsional mode frequency of 72 cm -1 and the reduced moment of inertia of 6.0 × 10 -46 kg m 2 , which correspond 22 to a 3-fold rotational barrier of 14.7 kJ mol -1 . A hindered rotor treatment 23 Experimental BDEs in the fluoromethanes, as well as values obtained from eq 2 using G2 energies, are contained in the second and third columns of Table 1 . Considering the very large uncertainties in the measured bond enthalpies, resulting from difficulties in the measurement of accurate heats of formation for fluoromethane molecules and radicals, the agreement is very satisfactory; calculated values lie at or within the reported uncertainties. 9, 10 The agreement for D 298 (CF 3 -H) shows that this level of theory satisfactorily accounts for changes in carbon hybridization, from sp 2 in CH 3 to sp 3 in CF 3 .
The G2 method is too computationally intensive to be employed in the calculation of C-H bond enthalpies in large polyfluoroalkanes. Therefore, to determine the level of computation (basis set and electron correlation treatment) required to obtain reasonably accurate BDEs, we have used the G2 (which approximates QCISD(T)/6-311+G(3df,2p)) values as a benchmark and tested various lower level calculations to determine how well they agree. As seen in the fourth column of Table 1 , application of the MP2/6-311G(d,p) basis yielded 
values that were systematically lower than the G2 BDEs by 3-4 kJ/mol. Raising the level of electron correlation to QCISD-(T) (column 5) did not materially improve the results. However, calculations at the MP2 level with the largest basis set employed in the G2 method, 6-311+G(3df,2p), yielded fluoromethane dissociation enthalpies that are in excellent agreement with the G2 enthalpies. Therefore, we have used MP2/6-311+G(3df,-2p) for all further calculations on the fluoroethanes, propanes and isobutanes.
Comparison of the fifth and sixth columns of Table 2 shows there is generally good accord between the calculated and experimental D 298 values for hydrofluoroethanes 10 and for propane 24 and isobutane, 24 with absolute deviations ranging from 1 to 9 kJ/mol and a mean absolute deviation of 5.0 kJ/mol. 25 There are no measurements of D 298 (CHF 2 CH 2 -H), but our value lies within 1.5 kJ/mol of that calculated by Chen et al., 12 and their computed D 298 (CH 2 FCH 2 -H) is similarly close to our value. This good agreement is not surprising since they also utilized isodesmic reactions, albeit with a smaller basis set. Bond additivity corrections are an alternative way to remove systematic errors in BDEs, and the mean absolute deviation between our D 298 values for hydrofluoroethanes and those derived via the BAC-MP4 approach 10 is 1.4 kJ/mol. These agreements suggest the D 298 values derived here for C 3 and C 4 species are reliable. The experimental values for C 1 and C 2 species lie within (6 kJ/mol of our calculated values. Allowing for greater errors in the larger molecules, we propose (10 kJ/mol error limits for D 298 . Martell et al. 15 reported calculated BDEs for hydrofluoroethanes that lie typically 10-20 kJ/mol below our values. This deviation can be attributed in large part to their use of eq 1, which as noted above does not remove systematic errors in BDEs.
As stated above, one of the principal goals of this study was to ascertain how various structural factors affect the C-H bond dissociation enthalpy in HFCs. A number of important trends are manifested in the results contained in Table 2 . A comparison of BDEs of the nonfluorinated alkanes (nos. 1, 2, 7, and 13) reveals a marked drop in the C-H bond stabilities with replacement of neighboring H atoms by methyl groups, arising from the well-known stabilization of the radical species by the inductive effect, 28 which reflects σ electron donation by the -CH 3 groups. This is not a linear effect since, as shown in the table, the BDE is diminished by approximately 12 kJ/mol with the first methyl group substitution (no. 2 vs no. 1), but is decreased by only 5 kJ/mol with the addition of a third -CH 3 (no. 13 vs no. 7).
One observes a reversed trend with replacement of the protons in methane by perfluoromethyl groups as displayed in the table (nos. 1, 5, 11, and 16) and in Figure 1 . In this case, the BDEs increase with the degree of substitution, although the trend is more modest and saturates rather quickly; for example, there is a 9 kJ/mol increase in the BDE with the addition of the first -CF 3 group, but only a 2 kJ/mol further increase with the addition of the second and third perfluoromethyl groups. The increased dissociation enthalpies with -CF 3 substitution are attributable to the inductive electron-withdrawing tendency of this group, which destabilizes the radical.
The combined result of the two trends is that there is a rather dramatic rise in the BDE with successive replacements of -CH 3 by -CF 3 groups in fluoroalkanes. This is illustrated graphically in Figure 2 for the three series, (CF 3 ) x (CH 3 ) 3-x C(-H), (CF 3 ) x (CH 3 ) 2-x CF(-H), and (CF 3 ) x (CH 3 ) 2-x CH(-H), where one finds average increases ranging from 11.5 to 16 kJ/mol for each -CF 3 substitution.
To explore further the effect of -fluorine atoms on C-H bond stability, we have determined BDEs in the series CH 3-x F x -CH 2 (-H), x ) 0-3; the results are plotted in Figure 3 . One observes that there is a monotonic (although not quite linear) increase in dissociation enthalpy with successive replacements of -hydrogens by fluorine atoms, indicating, not surprisingly, that the inductive electron-withdrawing effects are roughly proportional to the number of fluorines on the neighboring
Finally, it is of interest to determine the effect of R-fluorine atoms on the C-H dissociation enthalpies. A comparison of BDEs in three pairs of fluoropropanes which have either -CH 2 -or -CHF-on the central carbon (nos. 7 and 8, 9 and 10, 11 and 12) reveals that the replacement of a proton by an R-fluorine in every case diminishes the C-H dissocation enthalpy (by amounts ranging from 2.5 to 11.2 kJ/mol). This is also evidenced in a comparison of CF 3 CH 2 (-H) with CF 3 -CF 2 (-H), in which it is seen that the BDE of the latter fluoroethane is lower by 10.4 kJ/mol. The decreased C-H bond stability induced by R-fluorination may be attributed to the π-electron donor property of fluorine atoms, which acts to stabilize the radical species.
Conclusions
Ab initio energies obtained at the MP2/6-311+G(3df,2p) level of theory have been employed in isodesmic reactions to obtain C-H bond dissociation enthalpies at 298 K for a variety of C 1 -C 4 hydrofluorocarbons, with up to 13 heavy atoms. There is good accord with the experimental data that are available for C 1 and C 2 species, and the values predicted for C 3 and C 4 species are expected to be accurate to within (10 kJ/mol. Several relations between structure and BDE have been noted, and trends where -H and/or -CH 3 groups are replaced by -F and/or -CF 3 were rationalized in terms of the inductive effect, involving σ and/or π electron donation and withdrawal.
